Endogenous 2-arachidonoylglycerol (2-AG) inhibits invasion of androgen-independent prostate cancer cells. Blocking cellular hydrolysis of 2-AG to increase its endogenous concentration results in a decrease in cell invasion. A series of compounds containing a trifluoromethyl ketone (TFK) moiety or the methyl analog (known to inhibit carboxylesterases) were investigated for their ability to inhibit 2-AG hydrolysis and prostate cancer cell invasion. Compounds containing a thioether b to a TFK moiety inhibited 2-AG hydrolysis as well as cell invasion in a concentration-dependent manner. Inhibition of 2-AG hydrolysis increased concomitantly with inhibitor alkyl chain length from 4-to 12-carbons while inhibition of cell invasion exhibited a maximum at 8-to 10-carbons of the compounds. These results demonstrate a new series of 2-AG hydrolysis inhibitors as a potential therapeutic approach for prostate cancer.
2-Arachidonoylglycerol (2-AG), an endocannabinoid, is an endogenous ligand for the central cannabinoid (CB1) receptors [1] and for the peripheral cannabinoid (CB2) receptors in some cells [2] . It is synthesized from arachidonic acid (AA)-enriched membrane phospholipids [3, 4] with the final-step metabolism of diacylglycerol by diacylglycerol lipase [5] . 2-AG can be hydrolyzed to AA and glycerol by two characterized enzymes, fatty acid amide hydrolase (FAAH) [6] [7] [8] [9] , and monoacylglycerol lipase (MGL) [10] [11] [12] . This hydrolysis is a terminating step to end the actions or functions of 2-AG [12] . 2-AG is endogenously produced at high concentrations in androgen-independent prostate cancer (PC-3, DU-145) cells and it possesses an anti-invasive effect in these prostate cancer cells through a CB1-dependent pathway [13] . Blocking 2-AG synthesis to reduce its endogenous concentration results in an increase in cell invasion. On the other hand, maintaining and/or increasing endogenous 2-AG concentrations by inhibiting 2-AG hydrolysis results in a decrease in cell invasion [13] . These results suggest that inhibitors of enzymes involved in the degradation of 2-AG could be of importance in the regulation of prostate cancer cell invasion. In this study, a new series of compounds were examined for their ability to inhibit 2-AG hydrolysis and invasion in PC-3 and DU-145 cells. This group of small molecule inhibitors was rationally selected to examine their physicochemical properties in 2-AG hydrolysis inhibition.
They included some of the most potent carboxylesterase inhibitors identified to date [14] [15] [16] [17] [18] [19] .
Materials and methods
Materials. Carboxylesterase inhibitors ( Fig. 1 ) were synthesized as previously described [16, 17] . Androgen-independent prostate cancer (PC-3 and DU-145) cells were obtained from the American Type Culture Collection (ATCC, Rockville, Maryland Cell culture. Cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, L-glutamine (2 mM), streptomycin (100 lg/ml), and penicillin (100 U/ml). Cells were grown in 75 cm 2 polystyrene tissue culture flasks at 37°C in 5% CO 2 in air to about 60-70% confluency before use.
Cell invasion assay. Cell invasion was determined as previously described [13] . Briefly, cells were incubated overnight with [methyl-3 H]thymidine (1 lCi/ml) in the medium containing 10% fetal bovine serum, rinsed with fresh complete media to remove unbound [methyl-3 H]thymidine. Cells were detached, centrifuged, and resuspended in 3 ml of serum-free RPMI. The experiments were performed in 24-well plates containing Transwells with 8.0 lm pore polyvinylpyrrolidonefree polycarbonate filters coated with Matrigel on the top compartments. A cell suspension of 50,000 cells containing the vehicle control or carboxylesterase inhibitors and other pharmacological agents at various concentrations was added to each upper compartment. Fibroblast-conditioned media (400 ll) were added in the bottom compartment of the well as a chemoattractant. Cells were incubated at 37°C in the incubator for 5 h. The cells passed into the lower compartment media were detached with Pucks buffer containing 0.75% trypsin, placed in vials, and counted for radioactivity. The invasion was reported as the percentage of the invasion of the control cells.
Determination of inhibition of 2-oleoylglycerol (2-OG) hydrolysis by carboxylesterase inhibitors. 2-Oleoyl-[ 3 H]glycerol (2-OG) was used as a substrate for determining hydrolase activity. The hydrolysis of 2-OG by cytosolic and membrane proteins was determined as previously described [11, 13] . Briefly, cells were grown to 60-70% confluence, washed with PBS buffer, and homogenized by pulling through a 27G needle a few times. The membrane and cytosolic proteins were separated by centrifugation. Protein concentration was measured by Bio-Rad Protein Assay (Bio-Rad, Hercules, California). The membrane protein pellet was resuspended in 150 ll PBS buffer (100 mM phosphate-buffered saline, pH 7.4). The 0.5 ml assay solution consisting of PBS buffer, pH 7.4, containing 100 lg proteins in the absence and presence of inhibitors at various concentrations and 2-OG (20 Ci/mmol) at 10,000 dpm were incubated at 37°C for 30 min. The reaction was stopped by the addition of 2.0 ml of 1:2 chloroform:methanol and vortexed. Next, 0.60 ml of water was added to the reaction mixture, followed by vortexing and extraction with 0.67 ml chloroform. The radioactivity in the organic phase represents the unreacted 2-OG and the radioactivity in the aqueous phase represents the hydrolyzed glycerol. The hydrolysis was normalized to the percentage of the control (100%).
Determination of 2-AG in prostate cancer cells by liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS). Cells were grown in T-75 flasks, rinsed with 5 ml Hepes buffer (containing 20 mM Hepes, 130 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 2 mM MgCl 2 , and 30 mM glucose, pH 7.4), treated with inhibitors or vehicle in Hepes buffer at 37°C for 15 min. The cells were lyzed, scraped, and [ 2 H 8 ]2-AG was added as an internal standard. Samples were extracted by solid phase extraction as previously described [20] , redissolved in 20 ll acetonitrile, and analyzed or kept at À80°C. Samples were analyzed by using LC-ESI-MS (Agilent 1100 LC-MSD, SL model) as previously described [20] . The detection was made in the positive ion mode. For quantitative measurement, the m/z 379 and 387 were used for 2-AG and [ 2 H 8 ]2-AG, respectively. The concentrations of 2-AG were calculated by comparing their ratios of peak areas to the standard curves. The results were normalized to the protein content.
Western blot analysis of caveolin-1. To demonstrate the separation of membrane proteins from the cytosolic fraction of PC-3 cells, the caveolin-1 (a membrane protein) was determined by Western blot analysis. Cells were lyzed as described above in the presence of a protease inhibitor. Membrane and cytosolic proteins (50 lg), and lysate of human A431 carcinoma cells (a positive control) were separated by SDS-PAGE (Ready Gels) and transferred to a 0.7-lm nitrocellulose (Bio-Rad, Hercules, California) membrane. Proteins were incubated with the monoclonal anti-caveolin-1 antibody at 1:500 dilution. Then, goat anti-mouse IgG-HRP at 1:5000 dilution was used to complex with the primary antibody. The detection was made by using Western Lightning Chemiluminescence Reagent (Perkin-Elmer, Boston, Massachusetts) and captured by Fuji film X-ray (Tokyo, Japan).
Results and discussion

Hydrolysis of 2-oleoylglycerol
Exogenously added 2-AG to prostate cancer cells did not significantly inhibit cell invasion possibly due to its rapid metabolism to AA and glycerol (data not shown). Two characterized hydrolases, FAAH, and MGL [6] [7] [8] [9] [10] [11] [12] , metabolize 2-AG to AA and glycerol. To investigate 2-AG hydrolysis, the hydrolysis of 2-oleoyl-[ 3 H]glycerol (2-OG) (a readily available radiolabeled analog of 2-AG) by cytosolic and membrane proteins of PC-3 cells was determined. Several groups of inhibitors known to inhibit carboxylesterases (see Fig. 1 ) were tested as potential inhibitors of 2-OG (or 2-AG) hydrolysis. Only the compounds containing a thioether b to a TFK moiety (group 1) inhibited the 2-OG hydrolysis in the cytosolic fraction ( Fig. 2A) . The inhibition increased with the length of the carbon chain from HTFP (1b) < OTFP (1c) < DETFP (1d) < DDTFP (1e) (92.4 ± 3.3%, 71.8 ± 5.4%, 67.7 ± 3.3%, and 56.3 ± 4.1% of control, respectively). Inhibitors with a short carbon chain length such as BTFP (1a) or a bulky group such as PETFP (1f) did not exhibit any inhibitory effect on 2-OG hydrolysis. Only the long chain analog of these compounds, DDTFP (1e), slightly inhibited the hydrolysis of 2-OG in the membrane fraction (87.71 ± 1.95% of control) (Fig. 2B ). All other compounds examined did not inhibit 2-OG hydrolysis by cytosolic or membrane proteins (data not shown). To illustrate that membrane proteins were separated from the cytosolic fraction, the caveolin-1 was analyzed in both fractions of PC-3 cells using human caveolin-1 as a positive control. Western blot shows an intense immunoreactive band in the membrane fraction which corresponds to the caveolin-1 positive control (25 kDa) but a very faint band in the cytosolic fraction (Fig. 2C) , indicating a relatively good separation. More importantly, the hydrolysis inhibition of the enzyme(s) was observed in the cytosolic fraction and not the membrane fraction. This indicates that the incomplete separation of the membrane enzyme(s) should not account for the hydrolysis inhibition in the cytosolic fraction.
Inhibitors containing a TFK moiety have been shown to inhibit FAAH with aliphatic TFK-containing inhibitors (oleamide analogs) exhibiting nanomolar K i values [21, 22] . The inhibition of 2-OG hydrolysis observed following treatment with b-thioether-containing TFK carboxylesterase inhibitors is different from that resulting from studies with FAAH and MGL inhibitors such as methylarachidonyl fluorophosphonate (MAFP) and diazomethylarachidonyl ketone (DAK). The former compound is thought to phosphorylate the enzyme with fluorine as the leaving group while DAK is a reactive photolabel. We previously found that PC-3 and DU-145 cells exhibited similar 2-OG hydrolysis in both membrane and cytosolic fractions, and MAFP and DAK inhibited the hydrolysis of 2-OG or 2-AG in both fractions [13] . These results suggest that enzymes hydrolyzing 2-AG in cytosolic fraction are probably different from the enzymes in the membrane fraction. The results also indicate that carboxylesterase inhibitors may be more specific inhibitors of cytosolic hydrolases.
Effects of carboxylesterase inhibitors on 2-AG concentration
Prostate cancer PC-3 cells produced 2-AG at high concentrations and treatment with the b-thioether-containing TFKs resulted in increased 2-AG concentrations as a function of inhibitor carbon chain length (Fig. 3A) . The highest concentration of endogenous 2-AG was obtained with compound DETFP (1d), which incorporated a decyl alkyl chain attached to the thioether. In contrast, the greatest inhibition of 2-OG hydrolysis occurred with the inhibitor with the dodecyl analog DDTFP (1e) ( Fig.  2A) . This difference in activity may be attributed to different substrates as the hydrolysis of 2-OG was determined in the cytosol, and the 2-AG concentration was determined in intact cells. Inhibitors with increased chain length have greater lipophilicity and would be expected to have greater ability to diffuse through cellular membranes. However, the difference in activity of inhibitors may also be attributed to the uptake efficiency of the inhibitors into the cells which is limited by the optimal carbon chain length of the molecules. Other inhibitors which did not inhibit 2-OG hydrolysis such as HTFP (1b), HOA (6a) and OTFPOHSO 2 (2b) also did not increase the cellular concentration of 2-AG.
Effects of inhibition of 2-AG hydrolysis on cell invasion
PC-3 cells were incubated with the b-thioether-containing TFKs to inhibit 2-AG hydrolysis, and cell invasion was measured. The inhibitors OTFP (1c), DETFP (1d), and DDTFP (1e) inhibited cell invasion (64.77 ± 4.34%, 52.00 ± 3.30%, and 56.96 ± 9.24% of control, respectively) (Fig. 3B) . The inhibition by these compounds correlates well with the increase in cellular 2-AG concentrations in treated PC-3 cells. Again, DDTFP (1e) did not exhibit the inhibition of cell invasion greater than DETFP (1d). Other compounds such as HTFP (1b) (Fig. 3B ) which did not increase cellular 2-AG concentration did not significantly inhibit cell invasion of PC-3 cells.
When DU-145 cells were incubated with OTFP (1c) and DETFP (1d) at different concentrations, cell invasion decreased in a concentration-dependent manner (Figs. 4A and B ). OTFP also significantly inhibited cell invasion of PC-3 cells in a concentration-dependent manner (Fig. 4C) . Exogenously added 2-AG did not decrease invasion of PC-3 cells [13] but it augmented the inhibition of cell invasion by OTFP (1.0 lM) (Fig.  4C) . These results indicate that the blockade of 2-AG hydrolysis inhibits cell invasion and further supports the hypothesis that endogenous 2-AG is a negative regulator of invasion in androgen-independent prostate cancer cells. Furthermore, SR141716 (SR-1), a selective CB1 antagonist, at 500 nM increases invasion of PC-3 cells [13] . SR141716 reversed the inhibition of cell invasion by OTFP (1.0 lM) (Fig. 4C) . These results further indicate that 2-AG is an endogenous inhibitor of prostate cancer cell invasion and its inhibition is CB1-receptor dependent as previously reported [13] .
In conclusion, b-thioether-containing TFKs inhibited 2-OG hydrolysis in the cytosolic fraction of prostate cancer (PC-3) cells. The observed structure-activity relationships indicate that inhibitor lipophilicity is a major factor in the inhibition of 2-OG hydrolysis. The oxidation of the thioether to the corresponding sulfone essentially removes all biological activity. This observation could be due to a number of factors including steric and/or electronic effects from the sulfone moiety, reduction in the overall lipophilicity of the inhibitors, or effects upon the electrophilicity of the ketone. In addition, aromatic moieties appear to be unfavorable for inhibition of hydrolysis activity, although it is difficult to make conclusions with only one compound. Of particular interest is the 2-AG synthesis and inhibition of cell invasion in intact cells exhibited a maximum at alkyl chain length of 8-to 10-carbons of inhibitors. This indicates that the uptake efficiency of inhibitors into intact cells may be limited by their molecular structures. Further studies could explore the observed structure-activity relationships by expanding the aromatic-containing inhibitors to include larger aromatic systems and heteroatoms, as well as testing the sulfoxide analogs of the thioethers. The results from this study suggest that maintaining and/or increasing the endogenous concentration of 2-AG is critical for controlling cell invasion. Therefore, specific inhibitors of enzymes responsible for the degradation of 2-AG may be important therapeutic targets for treating prostate cancer.
